Introduction
The US conducted 66 nuclear weapons tests at the Bikini and Enewetak Atolls between 1946 and 1958 accounting for N 50% of the global fallout during that time period and 20% of global fallout by the time atmospheric testing ended (based upon yields; Buesseler, 1997; Hamilton, 2004) . Unlike most of the global fallout that was distributed widely from high altitude testing, the majority of tests were conducted either on the surface of the atoll lagoons, on the islands, or underwater. This resulted in "close-in" fallout that contaminated not only the local islands and lagoon sediments, but also larger areas of the North Pacific Ocean where close-in fallout accounts for 60% of the total fallout Pu (Bowen et al., 1980) . The fate of radionuclides at these islands was evaluated starting with the first atomic tests, but became more extensive after testing ended in the 1960s and again in the 1970s in preparation for resettlement of the islands (see review by Robison and Noshkin, 1999) . Activities greater than background fallout levels were found for many radionuclides in lagoon waters due to their continued remobilization, presumably from marine sediments. This issue persists today, though estimated doses to humans from consumption of marine foods is thought to be a small source of the total radiological dose, for example b 0.1% at Enewetak Atoll (Robison and Noshkin, 1999) . While monitoring of the ocean has largely ended and ground level radiation doses are at background (Bordner et al., 2016) , there are still ongoing health studies of the populations that left the atoll islands and of the roughly 500 remaining inhabitants that have returned to live on Enewetak Island (https:// marshallislands.llnl.gov/).
During a January 2015 expedition to the Bikini and Enewetak Atolls, we sought to determine if there have been significant changes in radionuclide levels in the water column, sediments, and groundwater. Of special interest was a possible ongoing source associated with a waste disposal site commonly known as the Runit Dome in Enewetak Atoll, where close to 100,000 cubic meters of radioactive debris were buried in a 100 m diameter nuclear testing crater in the late 1970s and covered with a concrete cap (Davisson et al., 2012; Hamilton, 2013; Noshkin and Robison, 1997) . The debris was a combination of contaminated Enewetak soils, coral materials, scrap metal, excess equipment and some Pu-bearing nuclear material that was explosively scattered over the island of Runit during a test in 1958 (Quince) and other debris from low-yield tests in the Runit Island area.
Plutonium isotope ratios from individual tests are known to vary based upon the nuclear weapons design and fission and fusion yields, with higher yields resulting in the production of higher mass Pu isotopes. The Quince test did not result in any nuclear yield or fission, but deposited weapons grade Pu in the lagoon sediments near Runit Island, some of which was buried under the dome with a distinct and lower 240 Pu/
239
Pu atom ratio than from other tests. Other sites of interest included Bravo Crater in Bikini Atoll and Mike Crater in Enewetak Atoll, where the largest US thermonuclear (hydrogen bomb) tests were conducted. These two high yield tests resulted in the largest deposition of close-in fallout, and high 240 Pu/ 239 Pu ratios that are characteristic of the North Pacific today relative to other ocean regions that received only global fallout (Buesseler, 1997; Diamond et al., 1960; Kelley et al., 1999) . In this study we sampled seawater, groundwater and lagoon sediments at selected sites with an emphasis on Pu isotopes ( 239 Pu t ½ = 24,100 yr.; 240 Pu t ½ = 6560 yr.) and radiocesium ( 137 Cs t ½ = 30.1 yr.). These artificial radionuclides have been widely studied in the ocean with Pu's distribution being influenced by its tendency to be scavenged by particles as well as mixed with ocean currents, whereas Cs is predominantly a more conservative water mass tracer (e.g. Livingston and Povinec, 2000) . In addition to Pu and Cs, sediments were examined for two other gamma emitters-americium-241 ( 241 Am) and bismuth-207 ( 207 Bi), both of which would be relatively particle-reactive in the ocean. Americium-241 is the decay product of 241 Pu (t ½ = 14.3 yr.), which is produced during the blasts in variable amounts and thus similar to 239 Pu and 240 Pu, preferentially found associated with the sites of the highest yield tests. 207 Bi was readily detectable in only one core collected during this study and likely generated by an unusual fusion device test that resulted in its production via activation of stable bismuth, or deuterium capture in lead; hence it is not readily detectable in global fallout (Aarkrog et al., 1984; Noshkin et al., 2001) . In addition to the artificial radionuclides, the naturally occurring isotopes of radium ( 224 Ra, 223 Ra, 228 Ra, 226 Ra) were measured in parallel with the artificial radionuclides in order to quantify their input to the lagoons from submarine groundwater discharge (Burnett et al., 2006; Charette et al., 2008) . They were measured in wells on land and groundwater underlying the beaches to look at the flux of groundwater between the islands and the lagoons, including between the Runit Dome and Enewetak Lagoon. To our knowledge, these are the first direct estimates of groundwater-surface water exchange rates for artificial radionuclides at the site of the Marshall Islands US nuclear weapons testing program. Water column ratios of short-to long-lived Ra isotopes provide an estimate of the lagoon flushing times (Charette et al., 2013) , useful for calculating artificial radionuclide fluxes from the lagoons to the Pacific Ocean.
Our primary goal was to make an independent reassessment in 2015 of the levels of the major fallout radionuclides that remain in the lagoon waters and seafloor of Bikini and Enewetak Atolls, some 60-70 years after nuclear testing ended. We accomplished this by comparing our data within the lagoons to values measured earlier at these sites and as found elsewhere globally. The levels of radionuclides from these nuclear tests are also compared to the world's largest accidental release of radionuclides to the ocean in 2011 associated with the Fukushima Dai-ichi nuclear power plants. A secondary goal was to address for the first time the relative importance of Pu contamination to the Enewetak lagoon that originates from the Runit Dome area, either via submarine groundwater discharge or from surrounding lagoon sediments.
Sampling and methods

Physical setting
The Bikini and Enewetak Atolls are among the 29 atolls that make up the Republic of the Marshall Islands, located in the equatorial Pacific some 4000 km west of Hawaii. Geographically, the Bikini Atoll is centered at 11°35′ N 165°23′ E and consists of 26 islands (23 remaining after weapons testing) with an area of 8.8 km 2 that form a roughly circular reef that surrounds a lagoon of 630 km 2 area with a mean depth of 46 m. Enewetak is centered on 11°30′ N 162°15′ E with a ring of 42 islands (39 remaining) of 6.9 km 2 area and a lagoon of 932 km 2 area and mean depth of 48 m. The collective land area of the 1000's of small islands that make up the Marshall Islands is only equivalent to the area of Washington DC (180 km 2 ), yet they are spread across an ocean area that exceeds the size of Alaska (1,900,000 km 2 ). Both atolls are low lying with an average elevation of 2-3 m, thus in addition to the radiological concern, sea level rise will have immediate consequences for these atolls.
These two remote atolls were selected for US nuclear testing and became known as the western part of the US Pacific Proving Grounds (PPG). Given the different designs of the nuclear devices and range of yields, there is in effect a mosaic of different radionuclides and contamination levels associated with particular test sites within the lagoons. Also, given that there were commonly several tests at the same site, for example, 7 within the Bravo Crater (Noshkin et al., 2001 ) and 17 close to or on Runit Island (Noshkin and Robison, 1997) , local contamination cannot often be ascribed to a single test as there is intermingled fallout debris from multiple blasts throughout these atolls.
Sampling
The primary sampling in this study took place in and around the Bikini Atoll from January 18 to 20, followed by the Enewetak Atoll from January 22 to 24, 2015, with one sampling site mid-way between the atolls and one surface seawater sample collected outside of the entrance to each lagoon (Fig. 1) . The sampling was conducted aboard the M/V Alucia, a 185 ft (56 m) vessel provided by the Dalio Foundation and operated for scientific sampling in partnership with the Woods Hole Oceanographic Institution. A seawater profile in the Pacific collected just prior to our cruise between Guam and Majuro, Marshall Islands was collected to represent the open (Pacific) ocean end-member for radionuclide activities and isotope ratios.
Seawater
Surface seawater samples were collected using a metal free large volume pump with a three place manifold for simultaneous sampling. Barrels for radium processing were filled with 400-600 L, during which time samples for Cs, Pu and salinity were collected. Barrel samples for short and long-lived radium isotopes were filtered through MnO 2 -impregnated acrylic fibers at b0.5 L min − 1 to quantitatively adsorb Ra (Moore and Reid, 1973) . Pu samples were taken from a separate port on the pump manifold using acid clean sampling lines and acid clean 2 to 4 L bottles. The same pump system was used to fill 10-20 L plastic cubitainers for surface Cs, as well as manually filling of the cubitainers in some locations. A standard CTD/Rosette was used for collecting depth resolved water column profiles in the Bravo and Mike craters and at a site outside of the Marshall Islands. Pu and Cs samples from the CTD were collected using the same methods as the barrel samples. It should be noted that seawater collected in this study via surface pump or CTD was unfiltered.
Groundwater
We collected groundwater samples from previously installed monitoring wells, cement cisterns and piezometers installed in various locations along the beaches. A peristaltic pump was attached to push point piezometers (MHE products) by way of acid cleaned Tygon tubing and connected to a flow through cell to measure basic water properties using an YSI sonde. The YSI was precalibrated with Ricca pH and conductivity standards. Oxygen was calibrated using the YSI in air method as described in the manual. Extra samples were collected at each site to confirm YSI salinity measurements and analyzed by a Guideline salinometer. Groundwater from PVC wells and cisterns was collected in a similar way, replacing the peristaltic pump with a plastic well pump with a low flow controller (Proactive Cyclone/MiniMonsoon). In all cases, the wells and piezometers were purged by extracting 3× the casing volume prior to sample collection. Water sampled for shortand long-lived radium isotopes was pumped into 20 L cubitainers and gravity filtered at b0.5 L min − 1 to quantitatively adsorb Ra onto MnO 2 -impregnated acrylic fibers (Moore and Reid, 1973) . Plutonium and cesium samples were collected as detailed above.
Seafloor sediments
Sediment cores were collected at four sites: Bravo and Mike craters, and near Bikini and Runit Islands. Cores were manually extracted by divers using 6 cm diameter acrylic push tubes and ranged in depth from 16 to 80 cm. In the lab, cores were sectioned at 2 cm intervals and dried at 50°C until a constant weight was achieved. Dried sections were ground, sub sampled and weighed into acrylic counting vials for analysis by gamma spectroscopy. Cs carrier (0.6-0.95 mg/ml standard) was added to each sample, shaken and allowed to equilibrate before an initial aliquot of 1 ml was collected for stable cesium recovery corrections . Using a peristaltic pump, samples were filtered through 5 ml of KNiFC-PAN resin (Sebesta, 1997) at a flow rate of 45-55 ml per minute. After passing through the column, the processed samples were collected into clean cubitainers and a final 1 ml aliquot was taken for recovery analysis. The KNiFC-PAN was then transferred to a 30 ml acrylic vial for gamma analysis (Breier et al., 2016) . Results for Cs are in good agreement with seawater reference material SRM IAEA-443 Pu reported as a combined activity due to overlapping energies.
2.3.3.3. Inductively coupled mass spectrometry. After sediment samples were alpha counted, filters were removed and underwent a hot acid digestion followed by an additional anion column. Eluted samples were analyzed for plutonium isotopes. Plutonium in water samples was extracted using the LaF precipitation procedure. The filter was digested, dried down and brought up in ICP analyte solution. Recoveries for cesium extraction were determined from initial and final aliquots diluted with 10% ultrapure nitric acid and analyzed for stable 133 Cs. Recoveries from this study ranged from 91 to 99% with a mean of 98.9%. Measurements of 239 Pu, 240 Pu and
242
Pu and associated ratios in water and sediments along with stable cesium recoveries were made using a magnetic sector inductively coupled mass spectrometer (ICP-MS) (Element-II, Thermo Finnigan MAT GmbH, Bremen, Germany) at low resolution (LR: R = 300 where R = M/ΔM at 10% peak height). A free-aspirating PFA MicroFlow nebulizer quartz spray chamber (Cetac Technologies) using standard cones was used for sample introduction and sample flow rates through this nebulizer were approximately 120 μl min − 1 .
Results for Pu isotopes are in good agreement with sediment reference standard IAEA-384.
2.3.4. Seawater and groundwater plutonium via thermal ionization mass spectrometry Unfiltered water sample sizes of either 2 or 4 kg were acidified and spiked with nominally 5 × 10 6 atoms of 244 Pu. Throughout all sample processing, ultrapure acids and bases were used exclusively.
Co-precipitated Pu isotopes were isolated using two sequential anion exchange columns and final elutions were shipped to the Pacific Northwest National Laboratory (PNNL) for Thermal Ionization Mass Spectrometry (TIMS) analysis (Dai et al., 2001 ). The TIMS instrument used for this study is a three-stage mass spectrometer with a pulse-counting ion detection system. It is equipped with a unique, sliding-shaft vacuum lock that enables precise positioning of the mass spectrometer source. Background ion emissions, as ascertained by monitoring of the 243 mass position, can be reduced to the instrument detector noise level of ≈0.04 counts/s. In this work, since sample aliquots seldom contained more than ≈10 10 Pu atoms, most of the TIMS duty cycle was allocated to the measurement of the minor 241 Pu isotope. The precision of atom ratio measurements was typically limited by counting statistics, and the accuracy of concentration determinations was limited by those same statistics, along with the often larger uncertainty (± 0.8%) in aliquoting the tracer. Because of losses incurred during sample processing and chemical purification operations, total efficiencies from sample to detection generally ranged between two and 4%, and the TIMS detection limit was 10 4 atoms. The TIMS Pu isotopes are regularly checked against CRM 138 obtained from the New Brunswick Laboratory.
Radium isotopes
After sample collection, the MnO 2 fibers were rinsed with radium free deionized water to remove salts, the fiber moisture content was adjusted with compressed air, and placed on the RaDeCC (Radium Delayed Coincidence Counter) system to determine the short lived ( 223 Ra, 224 Ra) radium isotopes (Moore and Arnold, 1996) on board the M/V Alucia. Subsequent shore-based RaDeCC analysis was performed on the fibers after 4 weeks to correct 224 Ra for ingrowth from thorium-228 and again after 2 months to correct 223 Ra for ingrowth from actinium-227. The Mn fibers were placed in a muffle furnace, ashed at 820°C for 16 h, homogenized, placed in counting vials, and sealed with epoxy for counting of long lived Radium isotopes ( Ac (911 keV). Each detector was standardized by use of National Institute of Standards and Technology certified reference materials prepared in the same matrix, geometry, and activity as the samples collected (Charette et al., 2001 ).
Results
Seawater and groundwater
All groundwater and seawater radioactivity data and supporting information are provided in supplemental Pu decay corrected to January 2015. We also present the first PPG radium isotope data, specifically 223 Ra activities. And though we collected results on all Ra isotopes, 223 Ra with its 11.4 day half-life is the most appropriate for estimating groundwater fluxes given lagoon turn over times of a few weeks to months (Atkinson et al., 1981) . Further, carbonate minerals, which are the predominant mineral type present on these coral-based islands, are enriched in uranium and depleted in thorium (Charette and Buesseler, 2004; Moore, 2003) ; hence uranium series daughters like 223 Ra and 226 Ra are enriched in carbonate aquifers relative to thorium decay products 224 Ra and 228 Ra. Thus, a secondary reason for focusing on 223 Ra is that it has a better signal: noise in groundwater relative to surface water for this environment.
The aqueous data are separated between groundwater and seawater (Table S1 ), but note the salt content of the groundwater samples varied greatly. For example, well and cistern salinities range from near fresh at b1-2.4 on Enewetak Island to significantly more brackish, ranging from 7 to 32 on Bikini Island. For reference, the lagoon water salinities were on average 34.6 at both atolls. The predominance of brackish groundwater is due to low rainfall recharge captured by the small island areas, which exacerbates saltwater intrusion beneath the island surfaces (Presley, 2005) . The groundwater sampled with push point wells at the shore line was more saline in both locations, ranging from 26 to 29 for the Runit samples to N34.3 at Bikini Island and the islands around Bravo Crater. These brackish waters along the shore line are characteristic of the "subterranean estuary" that is an important site for mixing and exchange between land derived groundwater and the ocean (Moore, 1999) . Even the shallow groundwater beneath the center of the islands is part of the subterranean estuary, since the porous coral limestone aquifer is highly permeable.
Cesium
There is a wide range of 137
Cs activities within each atoll, with higher levels associated with groundwater and surface water in proximity to the Bravo and Mike Craters and Runit Dome ( ; Fig. 3d ). With the exception of the Enewetak wells, which were all b 10 Bq m −3 , the highest 137 Cs activities were found associated with the lowest salinities, and 137 Cs decreased with increasing salinity in the lagoon ( Fig. S1 and Table S1 ). In the lagoons, the for Bikini and Enewetak, respectively ( Fig. 3a, d ). These 137 Cs activities are only a factor of 2 to 3 higher than in the open ocean outside the lagoons or between these atolls where an average 137 Cs activity of 1.1 Bq m −3 was found (Table S1 ). Elevated (above lagoon background) 137 Cs activities were observed in the near bottom water from the approximately 50 m deep Bravo Crater (47 m sample; Table S1 ), indicating a sediment source. In the shallower Mike Crater (30 m), only a slight enhancement in 137 Cs near the bottom is seen (23 m sample; Table S1 ).
Plutonium
In general, there are fewer 239, 240 Pu data due to sampling and analytical constraints. Unlike 137 Cs, there was no relationship to salinity in the combined groundwater and seawater data set (Table S1) , with a wide range of 239, 240 Pu activities within the seawater and groundwater at both atolls (Fig. 2) . In more detail, on Bikini the highest 239,240
Pu activities were from a beach groundwater sample near the Bravo test site (820 mBq m ) were found in the lagoon just off Runit Dome (Fig. 3e) , and the lowest value was from one well (13 mBq m − 3 ) located on Enewetak Island. On average, the 239, 240 Pu activities averaged 400 ± 250 and 900 ± 500 mBq m −3 (mean ± std. dev.) for samples in Bikini and Enewetak Lagoons, respectively. These levels of 239, 240 Pu are more than a hundred times greater than the surface open ocean values outside the lagoons and between the atolls of around 3 mBq m −3 (Table   S1 ), an activity that is consistent with the broader surface North Pacific Ocean (e.g. Hirose et al., 2007) . The isotope ratios of Pu reveal clear source differences within each atoll and between the PPG and the rest of the Pacific, and more generally between PPG and global fallout in other ocean basins (Fig. 4) . The Bikini Atoll samples had a 240 Pu/ 239 Pu range of 0.17 to 0.31, with analytical errors that are quite small, varying from 0.0002 to 0.0032 (depending upon sample size, total Pu levels, and analytical yields). In contrast, at Bikini there was no particular trend for 240 Pu/ 239 Pu while the 241 Pu/ 239 Pu atom ratios were somewhat less variable, averaging 0.0016 ± 0.0001 (mean ± std. dev.).
At Enewetak Atoll, there was a systematic difference in Pu isotopes related to the sample location in the lagoon. The lowest 240 Pu/
239
Pu ratios of 0.064 ± 0.004 (mean ± st. dev.) were restricted to Runit Dome groundwater and adjacent surface waters; these samples also had the highest lagoon Pu activities. This ratio increased across the lagoon from Runit in the east toward Mike Crater in the west, where it averaged 0.225 ± 0.013 in the water column profile samples. A similar increase was observed for the 241 Pu/ 239 Pu atom ratio: 0.00030 ± 0.00002 near Runit to 0.00117 ± 0.00008 near Mike Crater. The low ratios of both Pu isotope pairs at Runit are not commonly observed in the environment, and therefore are indicative of debris contaminated by a unique source of Pu, most likely from the failed Quince test in 1958. During this "dud" test, there was no fission derived neutron flux required to produce the higher mass Pu isotopes, but wide local contamination from the conventional explosive trigger (Noshkin and Robison, 1997) . At the same location, a second low-yield test named Fig further disturbed the soil and left behind a heterogeneous debris field (Hamilton et al., 2009 ). There were several tests on or around Runit Island, many of which were low yield, thereby contributing to the low Pu isotope ratios still present today in the Runit Dome area.
Radium
Radium isotopes were generally highest in the wells, and elevated in groundwater at the shoreline compared to the lagoons (Table S1 , Fig. 3c , f). In seawater, 223 Ra was highest in the surf zone samples and was inversely correlated with tidal stage in a water column time series collected at the dock on Bikini Island (Fig. S2 ). This pattern is consistent with a groundwater source driven by tidal pumping Santos et al., 2009 ). Furthermore, 223 Ra activities in the surf Ra (c, f) for Bikini (a, b, c) and Enewetak (d, e, f). Data are grouped by type with wells/cisterns on left, followed by the groundwater sampling at the shore line at the beaches (Runit and Enjebi samples distinguished by closed and open symbols, respectively). Lagoon waters are to the right for the average over the Bikini Lagoon, and specific to the Lagoon samples near Runit Dome for Enewetak. The far right set of data in each case is for the Craters at Bravo, and for Enewetak, both crater samples and the lagoon in general. All data are in Table S1 and scales are indicated on the vertical axis. Table S1 .
zones at Bravo and Enjebi Islands were the most elevated seawater samples at Bikini and Enewetak Atolls, respectively, including a surf zone sample from the Bravo Crater with elevated 137 Cs (Fig. 3c) . Together, these data are suggestive of a significant control on radionuclide activities driven by sediment-water exchange processes.
Seafloor sediments
The range in sediment activities is large between sites on the seafloor ( Fig. 5 ; all sediment data in Table S2 ). By far the highest sediment activities were found in cores from the Bravo and Mike Craters, where we were able to sample down to 80 and 62.5 cm, respectively. When calculating inventories of these radionuclides it must be assumed that there is activity below the depth of sampling, here below 60 to 80 cm in the craters, hence we can only provide minimum estimates. This limits our assessment not just in the craters, but off Runit Dome (32 cm core), where a prior study found artificial radionuclides as deep as 2 m below the seafloor (McMurtry et al., 1986) .
Our highest vertical resolution data are from gamma spectroscopy for which in the craters, to only 1-5 in the other cores from the shorelines of Bikini Island and Runit Dome (Fig. 5a ).
241
Am is present in even higher abundances than 137 Cs in the sediment cores at activities up to 3200 Bq kg −1 (Fig. 5b) .
Selected sediment samples were quantified for Pu isotopes; the craters with the highest 241 Am also had the highest total 239, 240 Pu activities (Fig. 5c) . The high activity samples also had some of the highest ratios of 240 Pu/ 239 Pu, consistent with the large thermonuclear tests that resulted in higher local activities and greater production of the heavy Pu isotopes as discussed above for the water column results. Sediments off Runit Dome were characterized by low 240 Pu/
239
Pu atom ratios of 0.064 (Fig. 5c) , identical to the waters in the lagoon in that area and in the groundwater originating from Runit Dome. While the sediments off Runit Dome were not as high as the craters for the activity of total sediment bound Pu, the low Pu isotope ratio in the Runit Dome area makes it possible to track this unique source in Enewetak Lagoon (see Discussion).
Though not a focus of this study, the Bravo Crater sediments contained 207 Bi (t ½ = 32.2 y), with activities up to 2500 Bq kg −1 (Fig. 5d ). This isotope was not detected elsewhere other than at low Table S2. levels at a few depths in sediments from Mike Crater (b25 Bq kg −1
). There has been some speculation on the origin of 207 Bi, not commonly measured due to its low abundance in global fallout, and thought to be sourced from a specific nuclear weapon design tested in 1958 (Bossew et al., 2006) .
Discussion
Seawater and groundwater activities
Our results demonstrate a large contrast between Cs and Pu activities, namely that 137 Cs is highest in groundwater and not particularly elevated in the lagoon, whereas 239, 240 Pu remains elevated in the groundwater samples from the shoreline and the lagoon proper, relative to the surrounding ocean (Figs. 1 and 2 ). This finding is similar to prior studies where the elevated Pu activities in the atoll lagoons were considered a source indicator for Pu from the PPG to the broader Pacific (Buesseler, 1997; Kim et al., 2004; Noshkin and Wong, 1979; Pittauer et al., 2017; Wu et al., 2014) . Hence, these new data, collected in 2015, indicate that the PPG remains a source of anthropogenic radioactivity today, albeit a small one relative to the large inventory in the ocean that remains from earlier atmospheric fallout. The sources of these radionuclides to the atoll lagoon water columns as well as their export to the Pacific Ocean via lagoon flushing are discussed in more detail below.
Within the atolls, the activity levels of Pu varied substantially within the lagoon waters depending upon location, increasing near known sources, such as for Pu in lagoon waters near Runit Dome or for Cs in the Bravo Crater deep waters. We summarize the differences not only between these locations in 2015, but in comparisons to studies in the 1970's of the Marshall Islands, and on a larger scale, relative to modern global surface ocean averages in Fig. 6 Cs activities are elevated over the global ocean average by only a factor of two within the Bikini and Enewetak Lagoons, including waters near Runit Dome and above the Bravo and Mike Craters (averages shown in Fig. 6 ). In our data, the only significant deviations for 137 Cs for water samples are near the seafloor at Mike Crater and in groundwater of brackish salinities (Fig. 1, Fig. S1 ). Comparing current 137
Cs levels at Bikini and Enewetak to the past is complicated by variability within the lagoon waters, but a systematic sampling of over 200 samples during several field campaigns in the 1970s (see Table 2 in Robison and Noshkin, 1999) , resulted in a well-documented average for both lagoons of 4-6 Bq m −3 (again decay corrected to 2015). Thus to the degree we have representatively sampled the lagoons in 2015, levels of
137
Cs are a factor of two lower in 2015 after 40 years. This observed decrease is constant with earlier studies suggesting a decrease of 137 Cs in the lagoons due to its relatively rapid remobilization from the seafloor (Hamilton et al., 1996; Noshkin and Wong, 1979) , and a diminishing source from island aquifer runoff (Robison et al., 2003) . More samples would be needed to confirm this Pu (b) between the average values measured in seawater (blue), sediment (gray) and the sediment inventory (black). Note log scale and units on X-axis. The data from this study have been averaged for the lagoon waters of both Bikini and Enwetak (outside of hot spots), the Runit Dome area, and the Bravo and Mike Craters. The 2015 lagoon data are compared to lagoon averages for the 1970's and compared to an ocean global average, as well as the waters and seafloor near the Fukushima Dai-ichi nuclear power plant as sampled in 2015. All data in Table 1. given expected variations due to local currents and mixing within the lagoons and with surrounding waters.
For 239, 240 Pu in seawater, activities at Bikini and Enewetak are many hundreds of times higher relative to the surface global ocean average (Fig. 6 ). This holds for all locations sampled within the lagoons, though levels of Pu are about 2 to 3 times higher near the Runit Dome than elsewhere at Enewetak. We also note a ≈ 3-fold decrease in 239, 240 Pu activities over the past 40 years, dropping from an average of 1650 Bq m −3 for both lagoons in the 1970's (Robison and Noshkin, 1999) to below 500 Bq m −3 in 2015. As with Cs, seawater Pu activities will be controlled by sediment inputs and exchange with lower activity waters outside the lagoon; however, Pu has a significantly higher affinity for particle surfaces, hence scavenging removal of Pu also plays a role. In the North Pacific Ocean, the highest Pu levels are in a subsurface maximum (N 100 to 1000 m), formed during remineralization of surface-scavenged Pu on sinking particles (Bowen et al., 1980; Lindahl et al., 2010) . Within the Pu maximum, Pu activities are thought to be decreasing due to long term scavenging: subsurface activities of ≈ 100 mBq m − 3 had decreased by half in the North Pacific by the turn of the century (Hirose et al., 2009) . Here, in a single 6 point profile northwest of the Marshall Islands we measured a maximum 239, 240 Pu of 31 Bq m −3 at 950 m at 16°N 156.8′ E (Table S1 ). Regardless, all of the Bikini and Enewetak seawater Pu activities exceed the Pu values in the rest of the ocean, supporting the idea that the atolls remain a net source of Pu to the North Pacific.
Seafloor sediments
For the seafloor, it is illustrative to compare Cs and Pu to other sites and times by looking at either the surface sediment average activities (Bq kg − 1 , typically 0-2 cm) or the inventory for an entire core
, Fig. 6 ). Notably, Pu levels in all sediment samples are orders of magnitude higher than other ocean settings. For Cs, the sediment enrichment is largely confined to the Bravo and Mike craters (Fig. 6 , Table 2 ). For example, average sediment for 239, 240 Pu activities in the top of the cores are 110 and 1820 Bq kg Cs (decay corrected to 2015) (Noshkin et al., 1997a; Noshkin et al., 1997b; Robison and Noshkin, 1999) , though again the large spatial variability complicates making simple comparisons over time without more comprehensive sampling today. Sediment inventories also show large differences, being most enriched in the craters (Table 2) where they are much higher than expected from global fallout. As noted earlier however, the cores collected here did not reach background radionuclide abundances, so they are by default a minimum estimate of total radionuclide inventory associated with the seafloor. Earlier studies included high spatial sampling resolution across the lagoon (N50 sites sampled in 1979 - Noshkin et al., 1997a Noshkin et al., , 1997b ), but they also routinely sampled only to 16 cm, missing the high activities we see extending down to N 80 cm for example in the Mike Crater.
Americium-241 is essentially absent from fresh nuclear weapons debris but is produced thereafter as a result of the decay of 241 Pu. Thus it is elevated at the sites of the highest yield tests where the heavier isotopes of Pu were preferentially produced. In most seafloor sediments, 241 Am activities are too low to detect via gamma spectroscopy, but the sediments of Bikini and Enewetak are exceptional in that regard with activities N 1000 Bq kg − 1 in the Mike and Bravo craters. Over longer time scales the decay loss associated with 241 Am's 432 year half-life will become increasingly important, resulting in a predicted peak in 241 Am in the environment in 2037 (Krey et al., 1976) . There has been some speculation on the origin of 207 Bi, as it is rarely detected in global fallout (Bossew et al., 2006) . Its origin is not proportional to the test yield, but rather the specific design of the nuclear weapon. While there may be more than one mechanism to generate 207 Bi, its presence is most likely due to activation with neutrons of stable bismuth, or possibly lead used in the weapons design of so called "clean devices" where most of the blast energy is derived from fusion (Noshkin et al., 2001 ). Noshkin suggested that the bulk of the PPG
207
Bi was produced as a consequence of one such specific test named Poplar in July 1958 conducted in the Bravo Crater. However, there were additional tests in the same crater; hence the core activities and isotope ratios Robison and Noshkin (1999) . Lagoon sediment avg. 1970's from Noshkin et al. (1997a Noshkin et al. ( , 1997b Bi, which may differ due to its unique source from a single test. There are several processes that will redistribute radionuclides in sediments, including bioturbation and physical mixing that has happened either since the blasts, or as a consequence of the blasts themselves. For example, McMurtry et al. (1986) found evidence of bioturbation down to 2 m in core collected at Enewetak. Activities can be reduced over time by burial of more recent, less contaminated materials, though this process typically occurs over longer time scales, and the craters would be deposition centers for contaminated material that has been resuspended from other areas of the lagoons. Net losses from the sediment to the water column are possible due to physical resuspension of sediments, or exchange with pore waters and subsequent diffusive losses that may be enhanced by bio-irrigation (McMurtry et al., 1986) . This is not a study of the details of these processes, though whole core inventories are not directly impacted by sediment mixing, so they are informative to consider if seeking to detect long term sources or sinks. Regardless, incomplete sampling of lagoon sediment inventories at Bikini and Enewetak remain a large uncertainty in assessing what remains today from weapons testing activities during the middle of the last century.
Comparisons to levels off Japan due to Fukushima Dai-ichi nuclear power plants
We in the surface ocean in early June 2011 (Buesseler et al., 2011) . The levels of 137 Cs in these atolls are nowhere near as high as measured off Japan (Buesseler et al., 2017) . Unlike the highly elevated Cs levels off FDNPP, the 239, 240 Pu levels off Japan are indistinguishable from the global fallout average (Fig. 6b) , as the release ratios of 137 Cs/Pu in that accident were greater than a million to one (Steinhauser, 2014; Zheng et al., 2013) .
Pu isotope ratios and the Runit dome area
Plutonium isotope ratios will differ based upon the fraction of local fallout and ongoing sources of Pu from each of the 66 nuclear tests at Bikini and Enewetak. At Bikini and Enewetak, Pu atom ratios are much more variable than for areas impacted by global fallout; in the Northern Hemisphere, 240 Pu/ Pu averages are quite constant at 0.180 ± 0.007 and 0.00094 ± 0.00007, respectively (gray diamond, Fig. 4) (Kelley et al., 1999) . Lower ratios of both are more typical of weapons grade material and low yield detonations, such as at the Nevada test site, which was characterized by a fallout 240 Pu/ 239 Pu ratio of 0.035 (Buesseler, 1997; Hicks and Barr, 1984) . Higher Pu ratios can be attributed to the 1952 Mike thermonuclear test, as documented in corals (Buesseler, 1997; Froehlich et al., 2016; Lachner et al., 2010; Lindahl et al., 2011; Noshkin et al., 1975 Pu activity ratio of 27 as reported in Diamond et al., 1960 ; Fig. 4 , gray square). These Pu ratios were similar to ash collected after the 1954 Bravo thermonuclear test from the Japanese fishing boat "5th Fukuryu-Maru" ("Lucky Dragon" in English), which was at sea near the testing site when the bomb was detonated (Hisamatsu and Sakanoue, 1978) .
As a consequence of the high ratio and high yield tests that deposited considerable close-in fallout, the North Pacific has higher than average 240 Pu/ 239 Pu atom ratios (N 0.2). This elevated ratio over global fallout is used as a tracer for PPG derived Pu at sites as far away as the Seas around China, Korea and Japan (Kim et al., 2004; Wu et al., 2014; Zheng et al., 2013) . Not only are the ratios higher due to PPG sources, but the ratios increase with depth in the ocean and in the seafloor sediments of the North Pacific, consistent with a more rapidly removed form of fallout Pu due to incorporation of the coral debris characteristic of close-in fallout (e.g. Buesseler, 1997) . Plutonium isotope ratios we measured from a profile 800 km west of Enewetak (Fig. 4, star) confirm that this mix of global fallout and PPG sources in the North Pacific is observed in the open ocean outside of the Marshall Islands. Within the atoll lagoons, the story is a bit more complicated. In Enewetak lagoon, the Pu isotopic data suggest conservative mixing between two endmembers (red triangles, Fig. 4) . One endmember appears to be related to Pu sources in the vicinity of the Runit Dome, where seawater, groundwater and sediments have a 240 Pu/
239
Pu ratio of 0.065 ± 0.003. The other originates in the waters above Mike Crater, with ratios that average 0.225 ± 0.013. Seawater 240 Pu/ 239 Pu ratios within the Enewetak lagoon fall along a mixing line between these two sources. At Bikini, the trend is quite different in that the Pu isotope ratios do not follow simple two end member mixing, but are all elevated with Pu ratios N 0.0014 (blue circles, Fig. 4 ). For Enewetak, we can use this linear trend in isotope ratios to predict the fraction of Pu coming from two different sources (Buesseler and Sholkovitz, 1987; Krey et al., 1976 ):
where R is the measured 240 Pu/
Pu atom ratio in the sample and R 1 and R 2 are the ratios in the two end members. The factor of 3.67 converts from atom ratios to the relative activities of 239, 240 Pu from both sources. Using for R 1 the 0.065 Runit Dome area and for R 2 the 0.225 Mike Crater 240 Pu/
Pu atom ratio endmembers, compared to the two mid lagoon samples with an average 240 Pu/ 239 Pu atom ratio of 0.132, results in an estimate that 48% of the 239, 240 Pu in the lagoon waters is derived from the Runit Dome area source and 52% from waters originating from the Mike Crater area. Thus, Pu from the larger tests near Mike Crater and that associated with the Runit Dome area are contributing equally to Pu activities in the Enewetak lagoon water column. This calculation is sensitive to the chosen end-members, and while the Runit Dome area low ratio is rather well constrained here, the Mike source ratio, if pure, would be closer to 0.33 or higher. In that case, about 62% of the Pu in the lagoon seawater would be derived from the Runit area source. The high Pu ratio cannot be lower than observed in the lagoon samples (0.225), which would set the bounds on the Runit area source contribution in the range of 50-60%. Further, while there might be N2 endmembers, the consistency of the mixing line for both Pu isotope pairs in Enewetak surface waters, strongly suggests that the system Pu inputs are dominated by two sources and that about half of the Pu in the lagoon originates from the Runit Dome area.
This finding is surprising as the total amount of 239, 240 Pu associated with the material buried beneath the dome is estimated to be b 1% of the total inventory of 239, 240 Pu at Enewetak Atoll (Noshkin and Robison, 1997) . This includes the waste disposal estimates for Pu buried intentionally beneath the dome, as well as the Pu in the sediments within 1 km surrounding the dome (Davisson et al., 2012; Noshkin and Robison, 1997) . Our sediment inventory data generally support this latter point, with the 239, 240 Pu inventory in our single Runit Island core being 1.6%
of the inventory we measured in the Mike Crater core (Table 2) , with the caveats that we did not conduct a comprehensive sampling of the seafloor, nor did our cores reach below the deepest layers of contamination. More comprehensive seafloor sampling with deeper cores in the Runit area may reveal higher inventories, but with the data in hand we conclude that while the fraction of total Pu associated with the Runit Dome area sediments is small, it contributes disproportionately to the total Pu flux to the lagoon waters (discussed further in Section 4.6).
We know of no other study with similar 240 Pu/
Pu data in the lagoon waters for comparison. However, this finding is supported by a recent study of marine biota on Enewetak that documented 240 Pu/ 239 Pu ratios as low as 0.07 ± 0.01 in sea cucumbers, clams and snails living in the waters between Runit Dome and as high as 0.22-0.26 in specimens off Enjebi Island near Mike Crater (Hamilton et al., 2008) . In that study it was suggested that the Pu isotope ratios might provide a useful tracer to monitor source term attribution for Pu in biota, and the same appears to be true for surface waters in this lagoon.
Total fluxes of cesium and plutonium from the atoll lagoons
At Bikini and Enewetak Atolls, both 239,240 Pu and 137 Cs are enriched in lagoon seawater relative to samples collected outside the lagoon inlets. Therefore, the atoll lagoons must be a net source of both Pu and Cs to the North Pacific Ocean. At steady-state, the total flux of Pu and Cs from the lagoons can be calculated as:
where F is the flux ( Cs in seawater inside (lagoon) or outside (Pacific) the lagoon, V is the volume of the lagoon (m 3 ), and T W (d) is the residence time of seawater within the lagoon. This latter term (T W ) is derived using Ra isotopes, which are input to the lagoon water column through submarine groundwater discharge (SGD). Once the Ra isotopes are released in to seawater, their distribution is controlled only by mixing and decay (Moore, 2000) . By normalizing to the activity of a long-lived Ra isotope (here, 226 Ra) to account for loss via mixing, the short-lived Ra isotope (here, 223 Ra) can be used to quantify water mass age, a proxy for T W (e.g. Charette et al., 2013) . The residence time model and assumptions are described in detail in the Supplementary Material. The lagoon residence times for Bikini and Enewetak Atolls were determined from Ra to average 36 and 16 days, respectively (Fig. S3) . These estimates are broadly consistent with lagoon flushing time estimates based on independent techniques. For example, using a combination of field measurements and a to-scale lab model, von Arx (1948) derived a wintertime average Bikini lagoon residence time of 39 days. Atkinson et al. (1981) Pu for Enewetak and Bikini, respectively. Their estimates increased to 0.4 to 0.6 TBq yr −1 for Enewetak and Bikini, respectively, if using the assumption of a shorter 30 day residence time. These latter estimates, which used a residence time similar to our study, are in good agreement with our annualized Bikini and Enewetak 239, 240 Pu fluxes of 0.2 and 0.8 TBq yr − 1 , respectively. Therefore, it appears that to first order, the total lagoon export fluxes are largely unchanged at least since the 1970s. As noted earlier, the elevated 240 Pu/ 239 Pu ratios in the Pacific are attributed to close-in fallout that was generated largely by the high yield thermonuclear tests. Bowen et al. (1980) Pu ratios.
Groundwater fluxes as a source of marine artificial radioactivity
The calculation of total exchange rates of Pu and Cs from the lagoons does not tell us if the source of radioactivity is coming from the seafloor via desorption and exchange with pore waters or from SGD sources from the islands surrounding the atoll. Radium isotopes allow us to quantify the SGD source for both Bikini and Enewetak, which we can estimate via a mass-balance model and measured Ra activities (Supplementary Material). In particular at Enewetak, our Ra groundwater data can uniquely help determine if the low 240 
Pu/ 239
Pu ratio source associated with the Runit Dome area is derived from the exchange of groundwater underneath the unlined dome, or from porewater and other exchange mechanisms with Pu buried in the lagoon. This is an important question for those trying to resettle on these islands (Council, 1982; Gerrard, 2015) .
From the time-series Ra isotope measurements at Bikini and Runit Islands combined with groundwater Ra isotope activities from island wells, we found SGD averages (±std. error) of 3.3 ± 1.3 cm d −1 and 2.0 ± 0.5 cm d − 1 , respectively. Assuming a minimum seepage zone width of 3 m (defined as the intertidal zone for a 1 m tide and 20°b each slope), a shoreline length of 20 km (lagoon facing), and an average groundwater 239, 240 Pu of 800 mBq m −3 , the SGD-derived flux of 239, 240 Pu to the Bikini lagoon is 1.6 × 10
. This is over five orders of magnitude lower than the total Pu input to the lagoon, therefore, the SGD pathway does not appear to be an important source of Pu to surface waters at Bikini (Fig. 7) , which is six orders of magnitude less than the total input to the lagoon (Fig. 7) . Restricting our SGD flux estimate to Runit Island (≈4 km shoreline length), where most of our data was concentrated, would reduce this estimate by a factor of four. The SGD 137 Cs flux is 9.6 × 10 4 Bq d
, which again is a negligible source of this radionuclide to surface waters. At both Bikini and Enewetak, the SGD flux for 137 Cs is a much greater fraction of the total inputs to lagoon waters relative to 239,240 Pu (Fig. 7) ; this is consistent with the higher solubility of Cs relative to Pu in oxidizing groundwater (Lujaniene et al., 2007) . Regardless, SGD is not currently a major source of 239,240 Pu or 137 Cs to seawater at either Bikini or Enewetak, and in particular from the dome at Runit.
If the source of Pu and Cs is not SGD, than it must be from exchange from the sediments and associated pore waters. Noshkin and Wong (1979) addressed this issue by assuming that the upper layer of sediments was in equilibrium with the overlying waters, similar to a batch extraction process. Using literature based distribution coefficients (Kd = activity on solids/activity in solution) of 2.1 × 10 5 (Bq kg Pu activities of 100 Bq kg −1 (Table 2) we would predict lagoon water activities of 500 mBq m Cs, a similar calculation can be done using a Kd of 580 (Uchida and Tagami, 2016) and our average sediment activity of 2 Bq kg . Both of these are in reasonable agreement with the activities we measured for 239,240 Pu and 137 Cs in the lagoons (Table 2) . Thus, to first order, the total supply of radionuclides to the lagoon agrees with a sedimentary source and not the much smaller groundwater fluxes calculated here for the first time using our Ra data and SGD model.
The implications for the Runit dome area are significant. First, we have shown that the exchange of contaminated waters from beneath the dome via SGD is a small source relative to Pu derived from the surrounding seafloor sediments. Yet, Pu isotopes indicate that roughly half of the 239, 240 Pu present in the lagoon water is characterized by the low 240 Pu/
239
Pu ratios unique to weapons testing carried out on and around Runit Island. Noshkin and Robison (1997) estimate that the sedimentary 239, 240 Pu inventories are 44,000 GBq for the entire Enewetak lagoon and only 225 GBq for the top 16 cm of the seafloor sediments in the heavily contaminated area of just under 1 km 2 offshore Runit Island, though this must be a minimum estimate as we noted that there is 239, 240 Pu to at least 2 m at some site near the island (McMurtry et al., 1986) . Furthermore, their estimate for the amount of transuranics that were buried under the dome itself is somewhat larger (350 GBq if converted to 239, 240 Pu based upon other data from the site), though they noted that their estimates included significant uncertainties. If correct, however, these data suggest that the Pu from this much smaller Runit area (b 1%) is more readily available via pore water and sediment exchange processes as a source of Pu to the lagoon (≈ 50%) compared to Pu from other close-in fallout sources. Alternatively, our SGD survey of Runit Island was based on a limited number of groundwater samples (most of them quite shallow) taken at one time point, such that it is possible we may have missed a Pu plume that would make our island runoff estimates a significant underestimate.
Regardless, without further groundwater and pore water data as well as more detailed study of lagoon sediment radionuclide inventories, we cannot explain or confirm this finding. Additional groundwater surveys should be conducted, as further investigation as to the mobility of Pu from various sources is warranted. It stands to reason that the physical/chemical form of close-in fallout derived from a successful nuclear test will differ from the weapons grade Pu that was dispersed after the dud Quince test. We know for example that Pu derived from the Nevada test site is associated to a higher degree in marine sediments than global fallout Pu (Buesseler and Sholkovitz, 1987; Scott et al., 1983) . Likewise Pu from close-in fallout in the Pacific is enriched in deep waters and sediments compared to Pu from global fallout (e.g. Bowen et al., 1980; Buesseler, 1997) . With several oxidation states and many different physical/chemical forms, we cannot assume that Pu will behave the same from vastly different sources, which we have seen here even within the Enewetak Lagoon.
Conclusions
Our overall findings are in agreement with several prior studies regarding the levels and sources of artificial radionuclides at the Bikini and Enewetak Atolls, but also include some important new insights into the magnitude of ongoing sources. Levels of 239, 240 Pu and
137
Cs remain elevated, though slightly lower than the 1970's (Fig. 6) ; more sampling would be needed to reach a more definitive conclusion given the variability within the lagoon and seafloor sediments (Figs. 1  & 2) . In particular, Pu is found at orders of magnitude higher activity levels here than elsewhere in the world's ocean and seafloor sediments, whereas Cs is only slightly higher and exceeded today by comparison, in the ocean off Japan near the Fukushima Dai-ichi nuclear power plants.
Using radium isotopes to calculate lagoon water residence times, we estimate an ongoing source of 239, 240 Pu and 137 Cs of 0.7 to 2 × 10 9 Bq d −1 and 0.3 to 1. 5 × 10 9 Bq d −1
, respectively for Bikini and Enewetak (Table S3 ). While significant, the total flux over the past 60 years is still b 0.1% of the amount of 239, 240 Pu initially delivered via close-in fallout to the North Pacific and b 0.01% for Cs. This explains at why the low 240 Pu/
239
Pu ratio water being released from the Enewetak lagoon has not impacted the higher 240 Pu/ 239 Pu of the North Pacific Ocean, which is characteristic of several high yield thermonuclear tests (Fig. 4) . The measured low ratios of 240 Pu/ 239 Pu in seafloor sediments, the lagoon water and groundwater near Runit Island can be attributed to the 1958 Quince test and possibly other low yield tests in the Runit Dome area (Noshkin and Robison, 1997; Hamilton et al., 2009) . The measurement of radium isotopes in the groundwater near Runit Dome suggest that submarine groundwater discharge from the Runit Dome is not a large source of either Pu or Cs to the lagoon relative to the adjacent seafloor sediments. Thus while the seafloor near Runit Island may account for only a small percentage of the Pu remaining on Enewetak (b1%), it supplies up to half of the Pu found in the lagoon waters. Additional study of the mobility of Pu to explain this will need to take into account the physical and chemical forms of Pu, along with more information on sediment pore water levels and exchange rates. Additional surveys should be conducted beneath the dome to rule out the possibility that groundwater Pu levels are not significantly higher than we observed with our limited dataset.
Importantly, none of the 239,240 Pu or 137 Cs activities in the lagoons or groundwater exceed guidelines for drinking water for the public, though uptake of Pu and Cs through the food chain, exposure to dust and other possible human exposure sources were not evaluated here. Other isotopes of radiological concern include 241 Am, the decay product of 241 Pu, which is found at elevated levels in the seafloor sediments associated with the largest craters at Bikini (Bravo) and Enewetak (Mike). Despite coring in some places almost 1 m deep, we were not able to Cs (red bars) calculated from the lagoon water exchange rates (solid) and derived from radium based SGD calculations (hatched). The rates for Bikini are on left, Enewetak on right. Details in text and data in Table S3. sample the entire inventory of these radionuclides, and thus as with prior studies, a complete estimate of the total radionuclide inventory remaining is not possible. We therefore contend that a more comprehensive oceanographic study is needed, similar to those carried out in the 1970's, but including radium isotopes to better characterize current sources. This type of survey will need to be repeated periodically given the large remaining seafloor radionuclide inventories and changing physical and chemical conditions that will accompany sea level rise and deterioration of the Runit Dome.
